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FIG. 6
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FlG. 20

20@0

Receiving as input a first number of streamer vessels and a semﬂd
numper of source vesseis -

-~ 2004

Receiving a set of naturally different regions andg/or numaniy set
targets for the area to be surveyed

~ 2000

Calculating a first satling path 'for a streamer vesseal of the farst
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THREE-DIMENSIONAL SEISMIC
ACQUISITION SYSTEM AND METHOD
WITH DYNAMIC RESOLUTION

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of priority

under 35 U.S.C. § 119(e) to U.S. Provisional Application
No. 62/152,973, filed on Apr. 27, 2015, the entire content of
which 1s hereby incorporated by reference into the present
application.

TECHNICAL FIELD

Embodiments of the subject matter disclosed herein gen-
erally relate to methods and systems for marine seismic data
acquisition and, more particularly, to mechamisms and tech-

niques for dynamic adjustment of azimuth and/or oflset
distribution during acquisition ol marine seismic data.

BACKGROUND

Marine seismic data acquisition and processing tech-
niques are used to generate a profile (1mage) of a geophysi-
cal structure (subsurface) under the seafloor. This profile
does not necessarily provide an accurate location for o1l and
gas reservolrs, but 1t may suggest, to those trained in the
field, the presence or absence of o1l and/or gas reservoirs.
The step of generating an 1mage of the subsurface 1s indis-
pensable for modern well drilling and/or well management.
Thus, providing a better image of the subsurface 1s an
Ongoing process.

For a seismic gathering process, as shown in FIG. 1, a
marine seismic data acquisition system 100 includes a
survey vessel 102 towing a plurality of streamers 104 (one
shown) that may extend over kilometers behind the vessel.
One or more source arrays 106 may also be towed by the
survey vessel 102 or another survey vessel (not shown) for
generating seismic waves 108. Conventionally, the source
arrays 106 are placed 1n front of the streamers 104, consid-
ering a traveling direction of the survey vessel 102. The
seismic waves 108 generated by the source arrays 106
propagate downward and penetrate the seafloor 110, even-
tually being reflected by a reflecting structure 112, 114, 116,
118 at an interface between diflerent layers of the subsur-
face, back to the surface 119. The reflected seismic waves
120 propagate upward and are detected by detectors 122
provided on or iside the streamers 104. This process 1s
generally referred to as “shooting” a particular seatloor 110
area.

One of the shortcomings of existing technology relates to
the poor azimuth/oflset distribution of the data collection
points, 1.¢., detectors 122, positioned along streamers of
equal length, and the number of streamers 104 attached to
the survey vessel 102. Generally, a single survey vessel 102
tows approximately ten to sixteen streamers 104, of uniform
length, with detectors 122 equally spaced along the length of
cach streamer. In this configuration, the azimuth of the
collection points 1s narrow. "

The azimuth 1s defined as the
angle made between a line that passes through the source
and a recording recerver and the navigation path when
viewed from above the source and the recording receiver.
Narrow azimuth distribution (typical for a single vessel
seismic survey) leads to problems associated with multiple
(reflective) removals at locations on the streamers 1n close
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proximity to the source arrays 106. It should be noted that
a survey vessel 1s limited in the number of streamers 104 1t

can tow.

Another shortcoming associated with existing acquisition
methods relates to the collected data in relation to its
intended use, 1.e., different streamer collection configura-
tions lend themselves to different uses of the data, such as
multiple removal, imaging and model building. Narrow
azimuth distribution streamer configurations are not focused
on a specific use of the collected data, resulting in less than
optimal seismic 1image results.

An acquisition method having better azimuth and offset
distribution than the system shown in FIG. 1 1s illustrated 1n
FIG. 2 (which corresponds to FIG. 11 of U.S. patent
application Ser. No. 13/748,062, the entire content of which
1s 1corporated by reference herein), 1n which a seismic
survey system 200 includes five vessels 202 to 210. Vessels
202 and 204 are configured to tow corresponding streamer
spreads 212 and 214, respectively, and corresponding source
arrays 202a and 204q, while each of vessels 206, 208 and
210 are configured to tow only a corresponding source array
206a, 208a and 210qa, respectively. This system has the
vessels 202 to 210 distributed along a straight line 220 so
that each vessel has a diflerent inline direction (traveling
direction) at a given instant.

The azimuth distribution associated with seismic acqui-
sition system 100 1s shown in FIG. 3A while the azimuth
distribution associated with the seismic acquisition system
200 1s shown 1 FIG. 3B. FIG. 3A plots the azimuth (grey
scale) versus the source-recerver oflset while FIG. 3B plots
the azimuth (grey scale) for the Y oflsets between the source
and the receirvers versus the X offsets between the source and
the recervers.

Although an azimuth distribution improvement 1s noted 1n
FIG. 3B comparative to that of FIG. 3A, both configurations
are limited in the sense that the azimuth distribution 1s fixed,
1.¢., does not change as the seismic survey progresses and
encounters various targets.

Accordingly, 1t would be desirable to provide systems and
methods that can dynamically adjust the azimuth distribu-
tion to address the right seismic target of interest.

SUMMARY

According to an embodiment, there 1s a method for
calculating a pre-plot for a marine seismic acquisition sys-
tem. The method includes a step of receiving as mput a first
number of streamer vessels and a second number of source
vessels, a step of receiving a geometry of an area to be
surveyed, a step of receiving a set of naturally different
regions and/or humanly set targets for the area to be sur-
veyed, a step of calculating a first sailing path for a streamer
vessel of the first number of streamer vessels, a step of
calculating a second sailing path for a source vessel of the
second number of source vessels, based on the set of
naturally different regions and/or humanly set targets,
wherein the first sailing path and the second sailing path
form the pre-plot, and a step of entering the pre-plot into a
navigation system ol the streamer vessel and the source
vessel so that the streamer and source vessels dynamically
change an oflset distance between them, while sailing during
a seismic survey, based on the naturally different regions
and/or humanly set targets.

According to another embodiment, there 1s a marine
acquisition system that includes a streamer vessel that tows
a streamer spread and a first source, a source vessel that tows
a second source, coordinates of a streamer sail line stored at
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the streamer vessel, and coordinates of a source sail line
stored at the source vessel. The coordinates of the source sail
line are calculated based on a set of naturally different
regions and/or humanly set targets that characterize a region
to be surveyed.

According to still another embodiment, there 1s a method
for acquiring seismic data with varying illumination and/or
resolution. The method includes a step of towing with a
streamer vessel a streamer spread and a {irst source; a step
of towing with a source vessel a second source, a step of
navigating with the streamer vessel along a streamer sail
line, and a step of navigating with the source vessel along a
source sail line. The source sail line 1s calculated based on
a set of naturally different regions and/or humanly set targets
that characterize a region to be surveyed.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of the specification, illustrate one or
more embodiments and, together with the description,
explain these embodiments. In the drawings:

FIG. 1 1s a schematic 1llustration of a marine seismic data
acquisition system;

FIG. 2 1s a schematic 1llustration of a multi-vessel marine
seismic data acquisition system;

FIG. 3A 1illustrates the azimuth distribution associated
with the system of FIG. 1 and FIG. 3B illustrates the azimuth
distribution associated with the system of FIG. 2;

FIG. 4 1s a bird view and FIG. § 1s a cross-view of
naturally different regions and humanly set targets distrib-
uted over an area to be surveyed;

FIG. 6 illustrates possible naturally different regions
encountered in seismic exploration;

FI1G. 7 1s a flow chart of a method for designing a pre-plot
for a seismic survey;

FIG. 8 1llustrates a calculated pre-plot for a given area to
be surveyed;

FIGS. 9A-11D 1llustrate three different configurations of
a streamer vessel and a source vessel and associated azimuth
distribution and fold when the inline positions of the vessels
are changed;

FIGS. 12A-12C 1illustrate a traditional narrow azimuth
seismic acquisition configuration, its azimuth distribution
and associated fold;

FIGS. 13A-14C illustrate two configurations with shorter
streamer spread and sequential and simultaneous shooting of
the sources:

FIGS. 15A-17C 1llustrate three different configurations of
a streamer vessel and a source vessel and associated azimuth
distribution and fold when the cross-line positions of the
vessels are changed;

FIG. 18 1llustrates a configuration that uses underwater
nodes instead of streamers for recording the seismic data;

FIGS. 19A-19C 1llustrate the concepts of illumination and
resolution;

FI1G. 20 1s a flowchart of a method for designing a pre-plot
that smoothly transition the vessels from one configuration
to another configuration; and

FI1G. 21 1s a flowchart of a method for collecting seismic
data based on the pre-plot calculated i FIG. 20

DETAILED DESCRIPTION

The following description of the embodiments refers to
the accompanying drawings. The same reference numbers in
different drawings identify the same or similar elements. The
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following detailed description does not limit the invention.
Instead, the scope of the invention 1s defined by the
appended claims. Some of the following embodiments are
discussed, for simplicity, with regard to the terminology and
structure of a seismic acquisition system that includes one
streamer vessels and one source vessel. However, the
embodiments to be discussed next are not limited to this
configuration, but may be extended to other arrangements
that include more or fewer streamer vessels and/or source
vessels. Further, the disclosed embodiments may be applied
to a seismic acquisition system that uses autonomous under-
water vehicles (AUV) instead of streamers, or a flotilla of
seismic source components mstead of towed airgun source
arrays. Furthermore, the figures show a particular order of
the streamer and source vessels along a cross-line direction.
This order 1s exemplary and not intended to limit the
embodiments.

Retference throughout the specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure, or characteristic described 1n connection with an
embodiment 1s 1included i at least one embodiment of the
subject matter disclosed. Thus, the appearance of the phrases
“in one embodiment” or “in an embodiment” in various
places throughout the specification 1s not necessarily refer-
ring to the same embodiment. Further, the particular fea-
tures, structures or characteristics may be combined 1n any
suitable manner in one or more embodiments.

According to an embodiment, the mnventors of this appli-
cation have realized that for many seismic acquisition sur-
veys, the area to be surveyed 1s not uniform, i.e., the
underground volume below the area i1s not homogeneous,
but rather 1t has varying properties. For example, the volume
under area 400 1 FIG. 4 may include a salt dome 402, a
shallow formation 404, a gas cloud 406, etc. Each of these
formations needs different i1lluminations and/or resolutions
for being accurately imagined, which 1s not the case with the
current seismic acquisition systems. Most of the current
seismic acquisition systems record the seismic data with the
same 1llumination and resolution throughout the survey area.
In addition, the inventors have also recognized that for some
se1smic acquisition surveys, there are various targets to be
imagined, 1.e., a first target 410 that corresponds to a shallow
formation and a second target 420 that corresponds to a deep
formation.

In other words, for a given area 400 that corresponds to
a single seismic survey, the operator of the survey 1s faced
not only with naturally different regions 402, 404 and 406
(1.e., underground structures that are naturally occurring),
but also with humanly set different targets 410 and 412 (1.¢.,
targets set by a person, which may or may not include a
naturally occurring structure). The number of these regions
and/or targets can vary from a few to hundreds for a single
seismic survey. Those skilled 1in the art would understand
that for a given seismic survey, it 1s possible to deal only
with the naturally different regions, or with only the
humanly set different targets, or with both of these catego-
ries. In addition, those skilled 1n the art would understand
that the examples shown in FI1G. 4 are just example, and they
are 1n no way exhaustive or indicative of all possible regions
and targets that are present during an actual seismic survey.

The naturally different regions are known by the operator
of the survey prior to starting the survey based on existing
models of the earth. The humanly set different targets are
determined by the o1l and gas exploring companies and are
communicated to the operator of the survey.

With the current technologies 1llustrated 1n FIGS. 1 and 2,
it 1s not possible to differentially treat the regions and targets
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noted i FIG. 4. Therefore, aifter acquiring the seismic data
with a traditional seismic acquisition system, some of these
regions and/or targets are well imagined while the others are
not. This 1s so because until now, the illumination and/or
resolution of a seismic survey was fixed, 1.e., constant during
the seismic survey.

However, according to an embodiment, the 1llumination
and/or resolution of a seismic survey 1s dynamically
adjusted during the survey. This can be achieved by planning
the seismic survey as now discussed. Suppose that a seismic
survey needs to be performed for area 400. Based on prior
knowledge (e.g., earth model that estimates the various
layers present 1n the volume under area 400), the planner of
the seismic survey identifies the naturally different regions.
Note that this step may identify the naturally different
regions with high or low precision. For the purpose of the
invention, even a low precision 1n identifying these regions
will work. These regions, which are generically i1dentified
with reference number 402, are plotted on a graph as
illustrated 1n FIG. 5. Those skilled 1n the art would under-
stand that the naturally different regions 402 may have other
consistency than that of a dome salt. For example, FIG. 6
shows a set of possible naturally different regions 402. FIG.
5 shows only one naturally different region 402 for simplic-
ity. Any number of such regions may be i1dentified. This step
of 1dentifying the naturally different regions and illustrating
them 1n a graph corresponds to step 700 of the method
shown 1n FIG. 7. In one application, the naturally different
regions are received by the planner from a library or from
another source.

In step 702, the planner identifies and plots on the same
FIG. 5 the humanly set targets 410, 412 and 414 (deep
target). These targets are usually set by the oil and gas
company that orders the survey. However, 1t 1s possible that
the planner sets the targets or additional targets. In one
application, a humanly set target may be a naturally different
region. For example, a humanly set target may be the salt
dome 402, which 1s also a naturally different region. In other
words, the targets and the regions may coincide 1n certain
situations. The order of steps 700 and 702 1s wrrelevant and
can be reversed. In one application, 1t 1s possible that only
one of the steps 700 and 702 1s performed.

A bird view of the plot of FIG. 5 1s illustrated in FIG. 8.
The shape of area 400 may difler than the one shown 1n FIG.
8 or previous figures. The planner now uses a dedicated tool
(software) that runs on dedicated hardware for determining
the pre-plot, 1.e., calculates 1n step 704 the path to be
tollowed by a streamer vessel, 11 only one streamer vessel 1s
considered. If more than two streamer vessels are consid-
ered, the dedicated tool will calculate a path for each of
them. The path of the source vessel(s) 1s not calculated at
this time. FIG. 8 shows the path 830 to be followed by a
streamer vessel 832 to cover area of interest 400. Streamer
vessel 832 by definition tows at least a set 834 of streamers.
In one embodiment, streamer vessel 832 may also tow a
seismic source 836. Both the streamers and the sources are
well known 1n the field and thus, their description 1s omitted
herein. Note that path 830 crosses many of the naturally
different regions and the humanly set targets. In one embodi-
ment, path 830 for the streamer vessel 1s calculated only
based on the shape of area 400, and not taking into account
the naturally different regions and/or the humanly set targets.
This 1s so because the streamer vessel needs to cover the
entire area 400, without leaving any gap.

However, in step 706, the naturally different regions
and/or the humanly set targets are taken 1nto consideration
for calculating the source vessel’s path 840. Again, this

e

10

15

20

25

30

35

40

45

50

55

60

65

6

embodiment considers only one streamer vessel and one
source vessel for simplicity. The method discussed herein
works for any number of streamer vessels and/or source
vessels. In step 706, for each naturally different region
and/or the humanly set target, a best position of the source
vessel relative to the streamer vessel 1s calculated. Source
vessel 1s a vessel that tows one or more sources but no
streamers. The method takes into account that for a deep
target, more 1llumination 1s necessary, for a target below the
dome salt an increase of the oflset 1s necessary (1.e., more
illumination), for a shallow target more near oflset 15 nec-
essary, 1.¢., the source needs to be almost on top of the
streamers, for better description of diflraction and/or retlec-
tion curvatures a better resolution 1s required, etc. Those
skilled 1n the art would understand that for each region
and/or target that 1s present in the planning phase, as
illustrated 1n FI1G. 5, a different 1llumination and/or resolu-
tion may be required, which means that the source vessel’s
path dynamically changes relative to the streamer vessel to
achieve the desired illumination and/or resolution. Those
skilled 1n the art would understand that in one embodiment,
it 1s possible to steer only the sources and not the vessels for
achieving the same dynamic change.

After each naturally different region and/or the humanly
set target 1s assigned an appropriate illumination and/or
resolution, the actual path of the source vessel 1s calculated
to achieve those desired 1lluminations and/or resolutions. In
one embodiment, 1t 1s possible to generate a library of all
known naturally different regions and/or the humanly set
targets and associate corresponding illuminations and/or
resolutions to each region and target. The term “resolution”™
describes a seismic wave-field with broader spatial and
temporal bandwidth in various domains, which 1s necessary
for imaging small scale features of the subsurface. A dense
oflset azimuth distribution increases the probability to
describe the target at a fine scale. Alternatively, the term
“resolution,” as 1n optics, means the detail an 1mage holds.
In the seismic case, this translates 1n the amount of waves
that are send from the source(s) to a given area to be
surveved. The term “illumination™ 1s associated with gen-
erating retlections of the emitted seismic wave-field from a
specific geological target. The complexity of the overburden
could prevent the seismic wave-field to reach the objective
with the necessary retlection angle. A large oflset azimuth
distribution increases the probability to 1lluminate the target.
Alternatively, the term “illumination,” also as 1n optics,
means the angle diversity of the imncoming seismic waves
when viewed from the target’s point of view.

Path 840 of the source vessel 842, which tows a source
844 (which can be a mono- or dual-source, vibratory or
impulsive) 1s also shown i FIG. 8. Source path 840 is
substantially parallel (within the error incurred due to the
ocean currents) with the streamer path 830 when there are no
naturally different regions and/or humanly set targets. How-
ever, when the paths cross salt dome 402, the two paths are
getting closer as 1llustrated 1n zone A or further apart as
illustrated 1n zone B. The two paths may coincide in zone C
so that the source vessel 1s 1n top of the set of streamers, for
improving the near offset data, and making 1t denser. Source
path 840 may move further away from streamer path 830 in
zone D, to better 1lluminate the deep target 412. Finally, 1n
zone E, where a gas cloud region 406 1s present 1n top of
deep target 414, the source path i1s the furthest from the
streamer path for penetrating the complex target below (this
implies a wider source-receiver distribution to insure a
proper illumination of the target).
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FIG. 8 shows that by dynamically adjusting the source
vessel’s path 840, a dynamic 1llumination and/or resolution
of the entire data acquisition system 1s achieved, which 1s
appropriate for each of the naturally different regions and/or
the humanly set targets. In step 708, the calculated pre-plot
(that includes paths for each vessel participating in the
survey) are validated, e.g., making sure that no gap 1s leit 1n
arca 400, at no time two vessels are expected to be at the
same location, etc. After validation, the calculated pre-plot
1s sent 1n step 710 to the vessel(s) that participate in the
seismic survey to be executed. In one embodiment, the
vessels download the pre-plot while 1n the harbor, or just
before starting the seismic survey, at the area 400.

To correlate the effect of the source vessel’s location
relative to the streamer vessel’s position, during a seismic
survey, to the 1llumination and/or resolution to be achieved,
a few specific configurations of this set up are now dis-
cussed. For the same considerations as above, 1.¢., stmplic-
ity, the following embodiments consider a marine seismic
acquisition system having one streamer vessel and one
source vessel. Both vessels have deployed marine sources
(in mono or dual source configurations). The position of the
source vessel relative to the streamer vessel could be char-
acterized by a lateral distance (cross-line distance) between
the two vessels (d,) and an inline distance along the acqui-
sition line (d_ ). In one embodiment, for example, when
applying these considerations to a source vessel and a set of
AUVs (no streamer vessel), a geometrical center of the AUV
formation 1s defined and the inline distance d_ and the
cross-line distance d,, are measured between the position of
the geometrical center (or another center of the AUV for-
mation) and the position of the source vessel or source 1tself.
In still another embodiment, the inline and cross-line dis-
tances are measured between the source towed by the
streamer vessel and the source towed by the source vessel.
Those skilled 1n the art would understand that various points
can be associated with the sources and/or AUV (seismic
receivers) configurations and the positions of these points
may be controlled to achieve the desired i1llumination and/or
resolution.

Returning to the system having a single streamer vessel
and a single source vessel, the towed set of streamers (also
called a spread) 1s characterized by its width (W), 1ts length
(L) and streamer separation (d ). As the spread 1s towed
back and forth along the area to be surveyed, adjacent sail
lines may be designed to be so close that half of the spread
along a current sail line overlaps with half of the spread
when on a previous sail line for achieving extra 1llumination.

The examples that are discussed now are very specific, in
the sense that the number of sources, the number of stream-
ers, the length of the streamers L and the streamer separation
d,, are specified. These details should not be construed that
the 1mvention 1s limited only to such dimensions. These
details are provided only to give the reader a better sense of
how the 1nvention works.

First, the effect of the inline position of the source vessel
relative to the streamer vessel (or the effect of the source
vessel relative to the geometrical center for the AUV for-
mation, 1f the streamers are replaced by AUVs) 1s discussed
with reference to FIGS. 9A-11C. FIG. 9A shows a first
seismic acquisition system 900 that includes a streamer
vessel 902 and a source vessel 904, each vessel towing a
corresponding source 903 and 905, respectively. Source
vessel 904 and corresponding source 905 are advancing
along sail line 910, ahead of streamer vessel 902 and
corresponding source 903. Streamer vessel 902 advances
along sail line 910. Each source 903 and 905 include two
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mono-sources that can be fired in a flip-flop manner or
simultaneously. The streamer spread 912 includes for this
example six streamers, each 3 km long. A streamer separa-
tion distance d,, 1s about 100 m. The adjacent sail lines are
separated by a distance of about 0.6 km.

The azimuth distribution (1.e., seismic data achueved for a
grven azimuth and oflset between the source and the sensor
recording the seismic data) i1s plotted in FIG. 9B. The
concentric circles indicate the offset between the source
(located 1n the center of the circles) and a corresponding
sensor (located at each gray region) and the azimuth distri-
bution 1s 1ndicated by the angle, along the circles, between
a vertical line and a line that connects the source with a
corresponding sensor. FIG. 9C illustrates the fold, 1.e., the
number of traces of seismic data (recorded by the sensors)
versus the offset between the source and the sensors. Both
FIGS. 9B and 9C show how the advanced 1nline position of
the source vessel increases the azimuth offset and fold, from
about 3 km to about 6 km. Note that without the source
vessel, the maximum offset would be about 3 km, while the
addition of the source vessel adds another 3 km of oflset, as
the source vessel 1s about 3 km ahead of the streamer vessel.
In other words, the illumination added by the source of the
source vessel increases the fold for mid- and far-offset and
extends the 1llumination to longer inline ofisets (h ) than the
length of the streamers (h, >L). FIG. 9D schematically shows
how the source vessel extends the illumination to longer
inline ofisets. The configuration illustrated i FIGS. 9A-9D
1s most appropriate when a better illumination 1s need, for
example, when a salt dome region 1s present or when a deep
target 1s necessary to be mvestigated.

In the embodiment illustrated 1n FIGS. 10A-10D, a simi-
lar configuration 1s presented but this time the source vessel
and the streamer vessel (only the corresponding sources
1003 and 1005 are shown) have substantially the same 1nline
position along the sail line 1010. For this configuration, FIG.
10B shows the azimuth distribution being increased while
the oflset being reduced, which results 1n an increased fold
of the near and mid oflsets as 1llustrated in FIG. 10C. Note
that the fold for the 3 to 6 km offsets have decreased while
the fold for the O to 3 km have increased. FIG. 10D
illustrates how the presence of the source vessel next to the
streamer vessel increases the fold.

FIGS. 11 A-11D shows another seismic acquisition system
1100 m which the source vessel and associated source 1105
1s next to the streamers. For this configuration, as 1llustrated
in FIG. 11B, the azimuth distribution 1s improved along a
horizontal line and for the near oifsets. FIG. 11C shows that
the fold and associated 1llumination 1s improved for near and
mid-oifsets. FIG. 11D shows how the presence of the source
vessel almost on top of the streamers increases the near
oflsets. The configuration illustrated 1n FIGS. 11A-11D 1s
most appropriate for a shallow target that requires more
resolution. Also note that by increasing the fold for the near
oflsets as illustrated 1n FIG. 11C, a signal-to-noise ratio 1s
improved, which means better resolution for the image of
the subsurface.

The next embodiments explore the impact of having the
source of the source vessel shooting 1n a flip-flop or simul-
taneous manner. In this context, when designing the pre-plot
as discussed with regard to the method 1llustrated 1n FIG. 7,
it 1s possible to select not only the position of the source
vessel relative to the streamer vessel, but also the type of
se1smic acquisition, 1.e., tip-tlop of simultaneous. Thus, the
method of FIG. 7 may be extended with an additional step
in which the type of shooting the sources towed by the
streamer and source vessels 1s selected/changed as the
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se1smic survey progresses. In one embodiment, it 1s possible
to maintain the relative positions of the sources fixed while
changing only the shooting style along the sail lines.

For comparison reasons, FIGS. 12A-12C show a tradi-
tional seismic survey 1200 that has a single streamer vessel
1202 and no source vessel. Streamer vessel 1202 tows a
mono-source 1203 and a streamer spread 1212. There are 12
streamers 1n the spread, each 6 km long and the streamer
separation distance d 6 1s about 100 m. Adjacent sail lines
1210 are separated by about 1.2 km. FIG. 12B 1llustrates the
azimuth distribution for such configuration while FI1G. 12C
shows the fold.

Marine seismic system 1300 illustrated 1n FIGS. 13A-13C
1s similar to system 900 discussed above, except that the sail
lines separation 1s now double. Sources 1303 and 1305 are
shot 1n a flip-flop manner. FIG. 14A shows a system 1400
similar to system 1300 except that sources 1403 and 1405
are shot simultaneously (1.¢., there 1s an overlap between the
recording times for the two sources and the overlap can have
any value but zero; simultaneous shooting does not exclude
that the two sources are simultaneously fired, but this term
also 1ncludes two sources that are fired with a time delay as
long as there 1s the overlap between their recording times).
FIGS. 13B and 14B show that the azimuth overall 1s almost
as diverse as the one obtained 1n FIG. 12B for the traditional
survey, although the streamer spread for systems 1300 and

1400 1s half 1n length when compared to the streamer spread
for system 1200. FIG. 13C shows a lower fold then FIG. 12C

while FIG. 14C shows a fold as high as that illustrated in
FIG. 12C. Thus, by using the simultaneous shooting as 1n
FIG. 14 A, 1t 1s possible to reduce the streamer spread’s size
without seriously aflecting the azimuth distribution and/or
the fold. This 1s an important consideration when the cost of
a survey 1s factored 1n.

Next, the impact of the source vessel’s cross-line position
relative to the streamer vessel 1s discussed with regard to
FIGS. 15A-17C. FIG. 15A shows a system 1500 having two
sources 1503 and 1505, with the first source 1503 positioned
in front of the streamer spread 1512 and the second source
1505 located on a side of the streamer spread. I the
cross-line distance d,, between the two sources 1s about W
(the width of the spread), and the inline distance of source
1505 relative to source 1503 1s about -L/2, the geometry of
system 1500 1s equivalent to a WAZ (wide azimuth) system
and the extra 1llumination i1s generated by the second source
1505, as shown 1n FIG. 15B. FIG. 15C shows how the fold
has increased for the near-oilset.

FIG. 16 A shows a system 1600 similar to that of FIG.
15A, but the second source 16035 1s eflectively in top of the
streamer spread as the cross-line distance d,, between the two
sources 1s at maximum W/2 and d,_ 1s about -L/2. In other
words, the second source 1605 1s on the middle of the
streamer spread. Extra illumination with full azimuths
around the zero-oflset 1s observed 1n FIG. 16B. The fold of
near-mid offsets 1s increased as illustrated 1n FIG. 16C. The
arrow 1n FIG. 16C indicates that the zero-oflset fold 1s now
filled, which was not the case previously.

FIG. 17A shows another system 1700 having only the
second source 1705 on top of the middle of the streamer
spread, as the cross-line distance between the second source
and a hypothetical position of the first source (note this
hypothetical position of the first source 1s given by a location
of the streamer vessel 1702) 1s about equal to the streamer
separation d,, and the inline position 1s about -L/2. This
configuration could be considered as a pure marine split-
spread: any source actuation 1s acquired for both positive
and negative source-receiver ollsets. In this case, there 1s no

10

15

20

25

30

35

40

45

50

55

60

65

10

long-ofiset contribution and a dense full azimuth near-oilset
illumination 1s achieved as illustrated 1n FIG. 17C.

From the various embodiments discussed above, one can
note that the variations of the d, and d,, 1.e., dynamically
adjusting the position of the second source relative to the
first source (or dynamically adjusting the position of the
source vessel relative to the streamer vessel or dynamically
adjusting the position of the source vessel relative to a center
of an AUV formation) allows the operator of the seismic
survey to modily the offset azimuth and/or fold distribution
of the mitial NAZ (narrow azimuth) system. In other words,
a NAZ system 900 becomes larger or longer or denser or
split-spread (with zero-oilsets and full azimuth of near
oflsets) as the location of the source vessel 1s dynamically
adjusted relative to the streamer spread. Similar vanations
may be achieved by firing the sources according to different
schemes. Thus, 1n one embodiment, the location of the
source vessel and the firing type are dynamically adjusted
while the seismic survey progresses along the sail line. This
1s nothing else than designing the pre-plot for the streamer
and source vessels or for the AUV formation and the source
vessels to dynamically adjust the illumination, resolution
and/or firing based on expected naturally different regions
and/or humanly set different targets along the sail line. In
other words, the design (or determination or calculation) of
the pre-plot 1s made such that for each naturally different
region and/or humanly set different target an appropriate
illumination and resolution are achieved by the seismic
survey system.

To express the same idea 1n different words, during the
pre-planning phase of acquisition, various seismic chal-
lenges (1.e., natural regions or humanly set targets) could be
evaluated and the most suitable mline distance d, and
cross-line distance d,, (of the second source relative to the
first source) could be estimated for these different areas. A
smooth navigation path of the source vessel 1s optimized
integrating various operational and seismic processing con-
strains. In one embodiment, during the acquisition phase, the
streamer vessel will perform exactly the same navigation
path as for a regular NAZ and only the source vessel
navigates along the optimized travel paths. The shooting
sequence of the two vessels could integrate or not simulta-
neous source approach as already discussed above. This
decision could be made during the pre-planning, 1n relation
to the requirement for bin size and/or fold.

A variable depth streamer configuration may be necessary
for some embodiments for a successiul receiver deghosting.
For example, for the embodiment illustrated 1n FIG. 17A,
the streamer spread needs to have this variable depth
streamer profile so that the streamers are deep enough to not
interfere with the source vessel, which 1s in top of the
streamers. The configuration of the front end of the streamer
spread could be repeated at 1ts tail. This setup allows having
the deeper sections at the middle of the spread, which creates
safer conditions for the source vessel when crossing the
spread.

Some benefits of a 3D acquisition with dynamic resolu-
tion atlect both the acquisition and processing phases. For
example, during the acquisition phase, an eflicient acquisi-
tion for a multi-target survey may be achieved. During the
processing phase, there are resolution and illumination chal-
lenges. For the resolution challenges, acquiring zero-oilset
data will help obtain better spatial resolution at shallow
target, for better multiple removal, better description of
diffraction and reflection curvatures allowing better velocity
estimation and/or better signal-to-noise ratio due to the extra
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A smaller bin size could be acquired by interleaving both
dual-sources towed by the streamer and source vessels. An
accurate 1mage ol shallow target could be achieved by
relying on acquired reflection primaries and not only on data
generated by interpolation algorithms or derived from mul-
tiples. Moreover, a regularization algorithm may also benefit
of a split-spread oflset azimuth distribution and predict more
reliable seismic traces.

For the 1llumination challenges, the multi-vessel dynamic
acquisition 1s able to acquire extra-long inline oflsets and/or
extra-large cross-line offsets. These oflsets are necessary to
illuminate a complex target for better subsalt 1llumination,
for avoiding gas cloud areas, for longer ofiset distribution
necessary to AVO (Amplitude Versus Offset) characteriza-
tion, for wider azimuthal distribution necessary to AVA
(Amplitude Versus Azimuth) characterization.

Various embodiments discussed above can be applied to
an AUV formation instead of a streamer spread. An example
of such a system 1s 1llustrated 1n FIG. 18, 1n which a seismic
acquisition system 1800 includes a source vessel 1802 that
tows a source 1804 along a sailing line 1810. FIG. 18 1s a
bird view of the system, and thus, source vessel 1s floating,
in water 1812 while AUVs 1820 are either on the ocean
bottom or floating at given depths relative to the water
surface. As the source vessel 1s advancing along sail line
1810, some AUVs distributed along line L1 are instructed to
change their positions and move along line L1' while the
other AUV distributed along lines 1.2 and L3 are stationary.
In one embodiment, the lines are moving with the ocean
currents. As the AUVs move around the survey area A, new
regions 1840 and/or targets 1842 are coming onto focus.
Thus, based on the embodiments discussed above, the sail
line 1810 1s dynamically adjusted to apply the expected

illumination and/or resolution for collecting the seismic
data.

The concepts of “illumination” and “resolution” have
been discussed above. FIGS. 19A-C 1llustrate these concepts
by showing a streamer vessel 1902 that tows a dual source
1903 and a source vessel 1904 that tows a dual source 1905.
Streamer vessel 1902 also tows spread 1906. Area 1950
corresponds to the subsurface for which reflected or
refracted seismic waves from the first source 1903 are
recorded by the receivers located on the streamer spread
1906 while area 1960 corresponds to the subsurface for
which reflected or refracted seismic waves from the second
source 1905 are recorded. Note that while area 1950 1s fixed
relative to the streamer spread, area 1960 can be adjusted by
moditying the inline and/or cross-line position of the second
source relative to the streamer spread. This means that the
configuration shown in FIG. 19A provides more resolution
as the two areas overlap while the configuration shown 1n
FIG. 19C provides more illumination as the second area
extends the reach of the first area.

While the above embodiments discussed only marine
acquisition seismic surveys, those skilled 1n the art would
understand that the same principles may be applied to a land
acquisition system or an ocean bottom acquisition system.

A method for calculating a pre-plot for a marine seismic
acquisition system 1s now discussed with regard to FIG. 20.
The method 1includes a step 2000 of receiving as input a first
number of streamer vessels and a second number of source
vessels, wherein each of the first and second numbers are
between 1 and 20, a step 2002 of recerving a geometry of an
area to be surveyed, a step 2004 of receiving a set of
naturally different regions and/or humanly set targets for the
area to be surveyed, a step 2006 of calculating a first sailing
path for a streamer vessel of the first number of streamer

10

15

20

25

30

35

40

45

50

55

60

65

12

vessels, a step 2008 of calculating a second sailing path for
a source vessel ol the second number of source vessels,
based on the set of naturally different regions and/or
humanly set targets, wherein the first sailing path and the
second sailing path form the pre-plot, and a step 2010 of
entering/downloading the pre-plot into a navigation system
of the streamer vessel and the source vessel so that the
streamer and source vessels dynamically change an offset
distance between them, while sailing during a seismic sur-
vey, based on the naturally different regions and/or humanly
set targets. In one application, the method may include a step
of recerving a geometry of autonomous underwater vehicles
(AUVs) located over the area to be surveyed, and a step of
calculating the second sailing path for the source vessel
based on the geometry of the AUVs and the set of naturally
different regions and/or humanly set targets

The offset distance changes to achueve a better 1llumina-
tion or a better resolution. In one embodiment, the source
vessel 1s programmed to sail farther from the streamer vessel
to achieve a better illumination or the source vessel 1s
programmed to sail closer to the streamer vessel for achiev-
ing a better resolution.

In one application, the streamer and source vessels each
tows at least one source and the two sources are fired
simultaneously. In another application, the streamer and
source vessels each tows at least one source and the two
sources are fired 1n a flip-flop manner. The naturally different
regions include a gas volume or a salt dome and the humanly
set targets includes a deep target and a shallow target.

The above noted method may be implemented in the
marine acquisition system 800 discussed above, which
includes a streamer vessel 832 that tows a streamer spread
834 and a first source 836, and a source vessel 842 that tows
a second source 844. Coordinates of a streamer sail line 830
may be stored at the streamer vessel (for example, 1n a
memory of a navigation system) and coordinates of a source
sail line 840 may be stored at the source vessel (for example,
in a memory of a navigation system). The coordinates of the
source sail line are calculated based on a set of naturally
different regions and/or humanly set targets that character-
1zes a region to be surveyed.

In one application, the streamer and source vessels
dynamically change an ofiset distance between them, while
sailing during a seismic survey, based on the naturally
different regions and/or humanly set targets. The oflset
distance changes to achieve a better 1llumination or a better
resolution or both.

In still another application, the streamer sail line 1s
straight from one edge to another edge of the region to be
surveyed while the source sail line changes direction as a
new region or target of the naturally different regions and/or
humanly set targets 1s encountered.

In still another embodiment, illustrated in FIG. 21, a
method for acquiring seismic data with varying i1llumination
and/or resolution 1s discussed. The method includes a step
2100 of towing with a streamer vessel 832 a streamer spread
834 and a first source 836, a step 2102 of towing with a
source vessel 842 a second source 844, a step 2104 of
navigating with the streamer vessel along a streamer sail line
830, and a step 2106 of navigating with the source vessel
along a source sail line 840, wherein the source sail line 1s
calculated based on a set of naturally different regions and/or
humanly set targets that characterizes a region to be sur-
veyed.

The streamer and source vessels dynamically change an
oflset distance between them, while sailing during a seismic
survey, based on the naturally different regions and/or
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humanly set targets. For the configurations discussed above,
it may be advantageous to steer source array emissions (1.€.,
the source array of one, two or all the vessels that are used
in the seismic survey) so that the acoustic wave front they
generate impinges on the naturally different regions and/or
humanly set targets (e.g., salt dome’s flanks) at an angle
closer to normal incidence. One way to change the source
array’s directivity pattern i1s to operate multiple source
clements at the same phase, but have them operate at
different depths. This creates a tilted acoustic wave front; 1ts
main lobe attains a maximum at an angle away from vertical.
Deploying source elements at multiple depths may create
towing problems and, because the source elements are at
different depths, different hydrostatic pressures will act on
them that create unwanted complexity. As an alternative,
source elements operating at approximately the same depth
can be phased differently. The result 1s that the source array’s
directivity pattern can be tilted to approximate the same
pattern as sources operating synchronously at diflerent
depths. Phasing can be just a time delay, but because of the
surface ghost contribution, in practice, the phasing scheme
may be more complicated.

Another factor that can change source array directivity
patterns 1s source element amplitude. While 1t 1s ordinarily
desirable to operate all source elements at their maximum
output, 1t 1s anticipated that 1n some situations 1t might be
desirable to have the output of at least one source element
different than the others. The difference 1n amplitude could
be 1invaniant with frequency or change with frequency. For
example, a special case might be to use variable amplitudes
to tune out the direct arrival (horizontally propagating)
energy from the source array that impinges on the near offset
streamer hydrophones (see, for example, Sallas, U.S. Pat.
No. 4,918,668, the entire content of which 1s mcorporated
herein by reference).

The beam-steering process can also be used to create
ghost notch diversity. For example, 1n marine acquisition,
spectral notches 1n down-going acoustic energy can occur 1n
the amplitude spectrum of conventional constant depth
source arrays due to the eflect of destructive interference
with the surface reflection. Dual-depth or vaniable-depth
source streamers provide means to counter this effect. One
option 1s a towed curved array. Because the sources are
located at different depths, reflections will constructively
and destructively interfere, causing spectral notches to be
filled 1n when compared to constant depth arrays. Examples
for steering a source array beam 1s discussed, for example,
in U.S. patent application Ser. No. 14/168,207, entitled
Vibrator Source Array Beam-Forming and Method, the
entire content of which 1s incorporated herein by reference.

The above-disclosed embodiments provide a system and
a method for recording seismic data with dynamically
changing azimuth and/or offset distribution during a seismic
survey. It should be understood that this description 1s not
intended to limit the mvention. On the contrary, the exem-
plary embodiments are intended to cover alternatives, modi-
fications and equivalents, which are included in the spirt
and scope of the invention as defined by the appended
claims. Further, 1n the detailed description of the exemplary
embodiments, numerous specific details are set forth in
order to provide a comprehensive understanding of the
claimed invention. However, one skilled in the art would
understand that various embodiments may be practiced
without such specific details.

Although the features and elements of the present exem-
plary embodiments are described in the embodiments in
particular combinations, each feature or element can be used
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alone without the other features and elements of the embodi-
ments or 1 various combinations with or without other
features and elements disclosed herein.

This written description uses examples of the subject
matter disclosed to enable any person skilled 1n the art to
practice the same, including making and using any devices
or systems and performing any incorporated methods. The
patentable scope of the subject matter 1s defined by the
claims, and may include other examples that occur to those
skilled 1n the art. Such other examples are intended to be
within the scope of the claims.

What 1s claimed 1s:

1. A method for calculating a pre-plot for a marine seismic
acquisition system, the method comprising;:

receiving as iput a first number of streamer vessels and

a second number of source vessels;
recerving a geometry of an area to be surveyed;
recerving a set of naturally different regions and/or
humanly set targets for the area to be surveyed;

calculating a first sailing path for a streamer vessel of the
first number of streamer vessels, wherein the calculat-
ing 1s based on the geometry of the area to be surveyed,
but 1s not based on the set of naturally diflerent regions
and/or humanly set targets that are present in the area
to be surveyed;

calculating a second sailing path for a source vessel of the

second number of source vessels, based on the set of
naturally different regions and/or humanly set targets,
wherein the first sailing path and the second sailing
path form the pre-plot; and

entering the pre-plot mto a navigation system of the

streamer vessel and the source vessel so that the
streamer and source vessels advance along substan-
tially parallel paths over the area to be surveyed, when
no naturally different regions and/or humanly set tar-
gets are present, and the source vessel dynamically
changes an offset distance relative to the streamer
vessel, while sailing during a seismic survey, based on
the naturally different regions and/or humanly set tar-
gets.

2. The method of claim 1, wherein the oflset distance
changes to achieve a better 1llumination and/or a better
resolution.

3. The method of claim 1, further comprising:

recerving a geometry ol autonomous underwater vehicles

(AUVs) located over the area to be surveyed; and
calculating the second sailing path for the source vessel

based on the geometry of the AUVs and the set of

naturally different regions and/or humanly set targets.

4. The method of claim 1, wherein the source vessel 1s
programmed to sail farther from the streamer vessel to
achieve a better 1llumination.

5. The method of claim 1, wherein the source vessel 1s
programmed to sail closer to the streamer vessel for achiev-
ing a better resolution.

6. The method of claim 1, wherein the streamer and
source vessels each tows at least one source and the two
sources are fired simultaneously.

7. The method of claim 1, wherein the streamer and
source vessels each tows at least one source and the two
sources are fired 1n a flip-tflop manner.

8. The method of claim 1, wherein naturally di
regions include a gas volume or a salt dome.

9. The method of claim 1, wherein the humanly set targets
includes a deep target and a shallow target.
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10. A marine acquisition system comprising;:

a streamer vessel that tows a streamer spread and a first
SOUrce;

a source vessel that tows a second source;

coordinates of a streamer sail line stored at the streamer
vessel, wherein the coordinates of the streamer sail line
are calculated based on a geometry of an area to be
surveyed, but not based on a set of naturally different
regions and/or humanly set targets that are present in

the area to be surveyed; and

coordinates of a source sail line stored at the source
vessel,

wherein the coordinates of the source sail line are calcu-
lated based on the set of naturally different regions

and/or humanly set targets that characterize the region
to be surveyed, and

wherein the streamer and source vessels advance along

substantially parallel paths 1n the area to be surveyed
when no naturally different regions and/or humanly set
targets are present along the streamer sail line, and the
source vessel dynamically changes an offset distance
relative to the streamer vessel when the naturally
different regions and/or humanly set targets are present
along the streamer sail line.

11. The system of claim 10, wherein the streamer and
source vessels dynamically change an oflset distance
between them to achieve a better 1llumination and/or a better
resolution.

12. The system of claim 11, wherein the oflset distance
changes to achieve a better i1llumination and/or a better
resolution.

13. The system of claim 11, wherein the coordinates of the
source sail line are calculated based on a geometry of
autonomous underwater vehicles distributed an area of inter-
est and the set of naturally different regions and/or humanly
set targets.

14. The system of claim 11, wherein the first and second
sources are fired simultaneously.
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15. The system of claim 11, wherein naturally di
regions include a gas volume or a salt dome.

16. The system of claim 11, wherein the humanly set
targets 1ncludes a deep target and a shallow target.

17. The system of claim 11, wherein the streamer sail line
1s straight from one edge to another edge of the region to be
surveyed while the source sail line changes direction as a
new region or target of the naturally different regions and/or
humanly set targets 1s encountered.

18. A method for acquiring seismic data with varying
illumination and/or resolution, the method comprising:

towing with a streamer vessel a streamer spread and a first

SOUrCe;

towing with a source vessel a second source;

navigating with the streamer vessel along a streamer sail

line; and

navigating with the source vessel along a source sail line,

wherein the source sail line 1s calculated based on a set of

naturally different regions and/or humanly set targets
that characterize a region to be surveyed and the
streamer sail line 1s calculated based on a geometry of
an area of the region to be surveyed, but not based on
the set of naturally different regions and/or humanly set
targets, and

wherein the streamer and source vessels advance along

substantially parallel paths when no naturally different
regions and/or humanly set targets are present along the
streamer sail line, and the source vessel dynamically
changes an oflset distance relative to the streamer
vessel when the naturally different regions and/or
humanly set targets are present along the streamer sail
line.

19. The method of claim 18, wherein the streamer and
source vessels dynamically change an offset distance
between them to achieve a better 1llumination and/or a better
resolution.

20. The method of claim 18, wherein the offset distance
changes to achieve a better 1llumination and/or resolution.
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